Full waveform inversion (FWI) is a seismic imaging method suitable for wide aperture / azimuth acquisitions thanks to its ability to account for waves propagating over a broad range of incidence angles. Wide aperture / azimuth acquisitions makes, however, the imaging quite sensitive to anisotropy because of the intrinsic difference between vertical and horizontal velocities in vertical transversely isotropic (VTI) media. In this study, we present a numerical procedure to define the best parametrization for acoustic VTI FWI. High-resolution velocity model for either the vertical, the horizontal or the normal move out (NMO) velocity can be developed by monoparameter FWI, when the considered wave speed is combined with the Thomsen's parameters δ and ε in the parametrization, and when available smooth background models of δ and ε are kept fixed during FWI. An alternative is to jointly reconstruct two wavespeeds (for example, the vertical and the horizontal velocities) using a model parametrization that combines these two wavespeeds and δ . However, the spatial resolution of the two resulting velocity models is more limited that of the velocity model obtained with the first mentioned parametrization.
INTRODUCTION
Taking into account of anisotropy in seismic imaging from wide aperture / wide azimuth acquisitions is necessary because of the intrinsic difference between vertical and horizontal velocities in vertical transversely isotropic (VTI) media. In this study, we consider frequency-domain full waveform inversion (FWI) (Virieux and Operto, 2009) in the acoustic VTI approximation. Although the acoustic anisotropic wave equation has no physical reality, Operto et al. (2009) have shown that the acoustic approximation allows one to compute sufficiently accurate pressure wavefields for FWI in moderate anisotropic media. The acoustic VTI wave equation can be parametrized by 3 kinematic parameter classes, for example, the vertical velocity V P 0 and the Thomsen's parameters δ and ε (Thomsen, 1986) . Others possible parametrization can involve different combination of wavespeeds (vertical, horizontal V h , NMO V NMO velocities) and Thomsen's parameters (δ , ε, η) . A key issue in multiparameter FWI is to define a suitable parametrization of the model space and the number of model parameter classes that can be reliably reconstructed for the chosen parametrization (Plessix and Cao, 2011) . By parametrization it means a set of model parameter classes that fully describe the subsurface medium. The feasibility of the reconstruction of one parameter class depends on the sensitivity of the data to this parameter class as a function of the aperture (or diffraction) angle θ and on the possible trade-off between the different parameter classes of the parametrization. Trade-off between different parameter classes exists when the partial derivative of the wavefield with respect to the different parameter classes exhibit similar amplitude variations with respect to θ . In this study, we shall consider two categories of parametrization: the first one, referred to as parametrization 1, involves one wave speed (either V P 0 , V h or V NMO ) and the two Thomsen's parameters δ and ε. The second one, referred to as parametrization of type 2 combines two wavespeeds (for example, V P 0 and V h ) and δ . In the following, we present a numerical approach that allows us to assess the sensitivity of the data to different acoustic VTI parametrizations of the subsurface and the trade-off between the different parameter classes of one parametrization. The conclusions inferred from this numerical analysis are validated against a realistic synthetic example and a real data case study presented in a companion abstract (Gholami et al., 2011) .
METHOD
Frequency-domain seismic modeling is performed with a finiteelement discontinuous Galerkin method in visco-elastic VTI media . In the acoustic VTI approximation, the shear wave speed on the symmetry axis is set to zero. FWI is performed by iterative local optimization using the L-BFGS algorithm (Brossier, 2011) . The L-BFGS algorithm allows one to take into account the Hessian in the imaging, that is helpful to scale the gradients associated with different parameter classes. The gradient of the misfit function C with respect to model parameter m i, j is computed with the adjoint state method (Plessix, 2006) and is given by
where the real part of a complex number is denoted by ℜ, the conjugate of a complex number by the sign − , the incident pressure wavefield by p and the so-called adjoint wavefield by λ . The forward problem operator is denoted by A. The index i of the model parameter m i, j denotes the position of the parameter m i, j in the discretized model, while the index j denotes one parameter class in the parametrization of the model. The matrix
describes the radiation pattern of the virtual source of the partial derivative of the wavefield with respect to the model parameter m i, j (Pratt et al., 1998) . This radiation pattern provides some insights on the sensitivity of the data to the parameter class j with respect to the aperture angle θ .
PARTIAL DERIVATIVE WAVEFIELDS
The sensitivity of the seismic data is assessed through the analysis of the monochromatic partial derivatives of the pressure wavefield (PDW) with respect to each model parameter class. In the following, we shall show the modulus of the PDWs as a function of θ for φ = θ /2, where φ denotes the angle made between the incident ray and the symmetry axis (Calvet et al., 2006; Gholami et al., 2010) . By a slight abuse of language, the variations of the modulus of the PDW with respect to one parameter class as a function of θ will be referred to as the radiation pattern of the parameter class. The PDWs are computed in the frequency domain by finite differences. We consider a homogeneous background model defined by V P 0 = 4 km/s, δ = 0.05, ε = 0.05 and a delta perturbation defined by ∆V P 0 = 0.2 km/s, ∆δ = 0.15, ∆ε = 0.15. The modeled frequency is 20 Hz. The radiation patterns for the parametrization ( Fig. 1 . When parametrization 1 is used (one wavespeed combined with δ and ε), the radiation pattern of the wavespeed (either V P 0 or V h ) is isotropic, i.e., it does not depend on θ . Therefore, a good resolution of the wavespeed model is expected. The isotropic radiation pattern of the wavespeed implies some trade-off between the wavespeed and the Thomsen's parameters if the 3 parameter classes are jointly involved in the inversion because the radiation patterns of the 3 parameters will necessarily overlap. The wavespeed has a much stronger influence in the data than ε and δ , δ having the weaker influence. We conclude that only the wavespeed should be updated by FWI when the parametrization 1 is used, while δ and ε are kept fixed during inversion. This raises the question of the required accuracy of the ε and δ background models to obtain a reliable model of the wavespeed. When the parametrization 2 is used (two wavespeeds combined with δ ), the radiation patterns of the two wavespeeds show a significant influence of the two wavespeeds in the data for quite distinct aperture ranges, suggesting a limited trade-off between the two sets of parameter. Therefore, the joint reconstruction of the two wavespeeds by FWI should be possible. Of note, the spatial resolution of the wavespeed models inferred from parametrization 2 is expected to be poorer than the models inferred from the parametrization 1, because the aperture bandwidth spanned by the radiation pattern of the wavespeed parameters is narrower for the parametrization 2 (Fig. 1) .
The radiation patterns of δ and ε are multipied by 10 in the Figure. 
GRID SEARCH ANALYSIS OF THE MISFIT FUNCTION
We present a grid search analysis of the misfit function. We consider an anisotropic model corresponding to an inclusion in a homogeneous background model. The model space is parametrized by 3 parameters that describe the anisotropic properties of the inclusion. We analyze the behavior of the misfit function for parametrization 1 and 2 when the values of the parameters in the inclusion deviate from the true ones. This allows us to assess the sensitivity of the misfit function to each parameter class and the potential trade-off between different parameter classes. The vertical velocity and the Thomsen's parameters δ and ε are (3 km/s, 0.05, 0.05) and (3.3 km/s, 0.1, 0.2) in the background model and in the inclusion, respectively. Nine frequencies between 4.8 and 19.5 Hz are used for the computation of the misfit function. The radius of the inclusion is 300 m. An ideal acquisition is used, where sources and receivers surround the inclusion, hence, providing a complete illumination of the target in terms of incidence and aperture angles. The maximum deviations from the true parameters in the inclusion are 0.5 km/s, 0.1 and 0.2 for V P 0 , δ and ε, respectively. The contours of the misfit function for the parametrization (V P 0 , δ , ε) are shown in Fig. 2(a-b) . The misfit function in the (V P 0 , ε) δ =0.1 plane shows that V P 0 has a higher influence in the data than ε since the contours of the misfit function become tighter and tilted toward the ε-axis (Fig. 2a) . The misfit function in the (V P 0 , δ ) ε=0.2 plane shows that the influence of δ is negligible since the contours of the misfit function are parallel to the δ -axis (Fig. 2b) . The dominant influence of V P 0 relative to ε and more significantly to δ is consistent with the radiation pattern analysis of parametrization 1 (Fig. 1a) . The misfit function for the parametrization 2 (
.1 plane shows that the influence of V P 0 and V h is of the same order of magnitude (the contours of the misfit function are almost circles in the (
. This is consistent with the radiation patterns of V P 0 and V h shown in Fig. 1b , and confirms that the two parameter classes can be jointly involved in FWI since their radiation pattern do not overlap significantly.
CANONICAL EXAMPLES OF FWI
We perform FWI for the inclusion model, the acquisition geometry, and the frequencies described in the previous section. The initial FWI model is the homogeneous background model. The nine frequencies between 4.8 and 19.5 Hz are inverted sequentially. The three parameter classes are jointly reconstructed for parametrization 1 and 2. FWI models for parametrization 1 are shown in Fig. 3(a-c) . The vertical and horizontal profiles across the inclusion of the V P 0 model show that the velocity perturbations are overestimated and the reconstruction is not isotropic as it should be according to the radiation pattern of V P 0 for parametrization 1 (Fig. 1a) . The vertical profile shows a deficit of small wavenumbers, while the horizontal profile shows a complex shape suggesting notches in the wavenumber spectrum of the model in the horizontal direction. The δ and ε FWI models show, as expected, underestimated amplitudes in the inclusion due to their limited influence in the data. It is likely that both the overestimated amplitudes in the inclusion and the limited bandwidth reconstruction of the V P 0 model result from the trade-off between V P 0 and ε. Note that the footprint of the radiation pattern of the model parameters is clearly visible in the spatial smearing of the FWI models. The FWI models for the parametrization 2 are shown in Fig. 3(d-f) . Both the V P 0 and V h models are affected by limited bandwidth effects, that vary in the horizontal and vertical directions. Note, that the horizontal profile of the V P 0 model is close in shape to the vertical profile of the V h model. This is consistent with the fact that the radiation pattern of V P 0 is close to that of V h when rotated by 90 o (Fig. 1b) . The pic-to-pic amplitude of the velocity perturbations are almost fully recovered for both V P 0 and V h , supporting the fact that no trade-off affects the reconstruction of the two parameters 
REALISTIC SYNTHETIC VALHALL CASE STUDY
The synthetic Valhall model is a realistic synthetic model inspired by the geology of the Valhall oil field in North sea (Fig.  4(a-c)) . The vertical velocity model shows a series of gas layers between 1.5 km and 2.5 km which hampers the imaging of the reservoir at 2.5 km depth. The anisotropy is significant with horizontal velocities 15 % higher than the vertical ones. We apply anisotropic FWI to synthetic data computed in VTI model shown in Fig. 4(a-c) . The acquisition geometry is representative of an ocean bottom cable survey with receivers on the sea bottom at 71-m depth and sources just below the surface. Only the pressure wavefield is considered for the acoustic VTI inversion. The maximum offset in the acquisition is 17 km. The shot and receiver spacings is 50 m. Five frequency components between 2 and 6 Hz are inverted successively with the L-BFGS algorithm. The initial FWI models have been developed by smoothing the true model (Fig. 4(d-f) ).
Mono-parameter anisotropic FWI
We first apply mono-parameter FWI for either V P 0 , V h and V NMO using the parametrization 1 and keeping the smooth δ and ε background models for δ and ε fixed during FWI. The final V P 0 , V h and V NMO FWI models are quite well reconstructed with a high resolution (Fig. 5(a-c) ). This is consistent with the isotropic radiation pattern of the wavespeeds for parametrization 1. These results confirm also that smooth models of δ and ε are enough to reconstruct one wavespeed parameter by FWI due to the limited sensitivity of the data to the Thomsen's parameters. For completeness, we perform mono-parameter FWI for V P 0 using parametrization 2 and keeping the smooth V h and δ models fixed during FWI iterations (Fig. 5d) . Note how the final FWI model for V P 0 is degraded compared to that obtained with the parametrization 1. This highlights the higher sensitivity of the data to V h relative to ε.
Hierarchical mono-parameter anisotropic FWI
We invert independently for δ and ε during a second stage of FWI, once the final V P 0 model was updated by mono-parameter FWI using the parametrization 1. This hierarchical approach should allow one to increase the influence of the Thomsen's parameters in the data residuals. During this second stage, the FWI V P 0 model built during the first stage of the FWI is kept fixed during inversion (Fig. 5a ). The δ and ε FWI models are shown in Figs. 6 after inversion of frequencies 2 Hz and 4 Hz, respectively. The FWI fails to update significantly δ at 2 Hz, and the reconstruction is unstable at 4 Hz. The resolution of the ε model was improved at 2 Hz, while the FWI ε model shows overestimated perturbations at 4 Hz. These unstable reconstructions of δ and to a lesser extent of ε is consistent with the limited sensitivity of the data to these parameters. We conclude that the long wavelengths of the ε model can be tentatively updated at low frequencies, once V P 0 was developed during a first stage of FWI, while the influence of δ in the data is too weak to update this parameter in a stable way.
Joint multi-parameter anisotropic FWI
We apply multi-parameter FWI for the joint reconstruction of V P 0 and V h using the parametrization 2 (Fig. 7) . The smooth initial δ model is kept fixed during FWI iterations (Fig. 4e) .
We obtain a good reconstruction of both V P 0 and V h , but with a more limited resolution than for the mono-parameter FWI based on the parametrization 1. This is again consistent with the radiation patterns of V P 0 and V h for parametrization 1 and 2, which have shown that more limited bandwidth effects are expected when the parametrization of type 2 is used. The V h model is smoother than the V P 0 one, which is consistent with the fact that the radiation pattern of V h does not have significant amplitudes for short apertures (the most resolving ones).
CONCLUSION
We have assessed the feasibility of acoustic VTI FWI. We consider two kinds of model parametrization: the first one combines one wave speed (V P 0 , V h , V NMO ) with the two Thomsen's parameters δ and ε; the second one combines two wave speeds ((V P 0 , V h ) or (V NMO ,V h )) and δ . For the first parametrization, we show that the wavespeed can be reconstructed by monoparameter FWI with a high resolution, provided that smooth background models of δ and ε are available. The long wavelengths of the ε can be updated by the inversion of the low frequencies during a second step of mono-parameter FWI. Alternatively, two wavespeeds can be jointly reconstructed by multi-parameter FWI using the parametrization 2. However, the wavenumber resolution of the two wavespeeds FWI models is not as good as that obtained from mono-parameter FWI using parametrization 1. 
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